We study the chiral phase transition of quark matter under rotation in two-flavor Nambu-JonaLasinio (NJL) model. It is found that the angular velocity plays the similar role as the baryon chemical potential and suppresses the chiral condensate, thus the chiral phase transition shows a critical end point not only in the temperature-chemical potential T − µ plane, but also in the temperature-angular momentum T − ω plane. One interesting observation is that in the T − µ plane, the presence of the angular momentum only shifts down the critical temperature T E of the CEP and does not shift the critical chemical potential µ E , and in the T − ω plane, the increase of the chemical potential only shift down the critical temperature T E and does not change the critical angular momentum ω E . The phase structure in T − µ plane is sensitive to the coupling strength in the vector channel, while the phase structure in T − ω plane is not. The kurtosis of the baryon number fluctuations is also suppressed by the rotating angular velocity.
considering the leading order of angular velocity in Lagrangian expansion, strictly speaking, this is only true when the angular velocity is much smaller than the inverse of system's size and thus can ignore the finite volume boundary effect. So in this paper, we just ignore the boundary effect and give a qualitative result. We show a 3D phase structure in the T − µ − ω frame, and carefully investigate the influence of the angular velocity ω on the CEP in the T − µ plane. It is interesting to notice that the presence of the angular momentum only shifts down the critical temperature T E of the CEP and does not shift the critical chemical potential µ E . We also find that with fixed chemical potential, the chiral phase transition at high angular momentum is of first order, and there is another CEP shows up in the temperature-angular momentum T − ω plane. Similarly we find that in the T − ω plane, the increase of the chemical potential only shift down the critical temperature T E and does not change the critical angular momentum ω E . We also evaluate how the vector interaction will affect the phase diagram. The numerical result shows that the influence of vector interaction on the chiral phase transition in the T-ω plane is much less sensitive comparing with the the chiral phase transition in the T-µ plane.
This paper is organized as following: in the next section, we give a general expression of the two-flavor NJL model including vector interaction in rotating frame, and then derive thermodynamical potential and the gap equations for the chiral condensate. In Sec. III we show our numerical results and analysis on the CEP and influence from the vector interaction. Also an experimental relative quantity which is the kurtosis of baryon number fluctuation has be evaluated with different angular momentum. Finally, the discussion and conclusion is given in Sec. IV.
II. FORMALISM
The Lagrangian of the two-flavor NJL model with vector interaction in the rotating frame is given by:
Here, we consider the system with a constant angular velocity ω along z-axis and v = ω × x is the local veclocity of this rotating frame. m is the current quark mass, G S and G V are the coupling constants in the scalar and vector channels, respectively. The spinor connection is given by [19] and [23] , the Lagrangian with vector interaction in the mean field approximation is given by
Where J z is the third direction of total angular momentum, the effective quark chemical potential is defined as µ = µ − 2G V ψ † ψ , and the constituent quark mass in the mean-field approximation is given by M = m − 2G S ψ ψ . The general grand potential is given by
Using the standard method from the textbook [24] , we could get
with
Here, k z the momentum in the z-direction and k t the transverse momentum, E k = k 2 z + k 2 t + M 2 . β = 1/T and the Matsubara frequency ω N = (2N + 1)πT , r is the location from the center of rotation, J n (x) is the first kind nth Bessel functions with n = 0, ±1, ... the z-angular-momentum quantum number.
Using the following relations,
we get
Notice here a factor of 2 is taking account of particles and antiparticles. Then the general grand potential function becomes
In order to find the stationary points of Ω with respect to M andμ, we need to solve the following gap equations,
with the following constraint,
The gap equations take the following forms: 
III. NUMERICAL RESULTS
For numerical calculations we choose hard momentum cut-off at Λ = 651 MeV for the total momentum k = k 2 t + k 2 z and
In order to understand the contribution from the vector interaction, we choose G V = 0, G V = 0.67G S and G V = −0.5G S in our calculations for comparison. Also we pick up r = 0.1 GeV −1 in our calculations. Table I . For the case of G V = 0 and ω = 0, the CEP is located at the tail of the phase boundary at T E = 0.032GeV, µ E = 0.333GeV. A positive coupling constant in the vector channel shifts away the CEP from the phase diagram, and a negative coupling constant in the vector channel shifts the CEP to the left part of the phase boundary with a higher critical temperature and a lower critical baryon chemical potential. It is noticed that with fixed coupling constant in the vector channel, the increase of the angular momentum does not change the phase boundary so much in the small baryon density region but changes the phase boundary in the large baryon density region. For repulsive interaction in the vector channel G V =-0.5G S , the angular velocity has larger effect on the phase boundary in the baryon density region higher than the critical baryon density µ > µ E . Another interesting observation is that the angular velocity only shifts down the critical temperature T E and does not change the critical chemical potential as shown in Table I . Table II . For the case of G V = 0 and µ = 0, the CEP in the T − ω plane is located at T E = 0.035GeV, ω E = 0.663GeV. Unlike the case in the T − µ phase diagram, a vector interaction has little effect on changing the phase boundary in the T − ω plane. The chemical potential does not affect the phase boundary so much in the case of G V = 0.67G S , however, for the repulsive interaction in the vector channel, the chemical potential has explicit effect on the phase boundary in the T − ω plane. Similar to the role of the angular velocity on the CEP in the T − µ plane, the chemical potential only shifts down the critical temperature T E and does not change the critical angular velocity, which can be read from Table II explicitly.
B. The effect of vector interaction on the phase structure
In order to see the effect of the vector interaction on the phase structure, we show the phase diagram with different vector interaction G V in the T − µ plane and T − ω plane in Fig. 3 and Fig. 4 , respectively. For small chemical potentials µ = 0, 0.05GeV, it is found that the vector interaction almost has no effect on the phase boundary as well as the CEP in the T − ω plane. When the chemical potential increases to µ = 0.08GeV and 0.1GeV, the CEP disappears from the T − ω plane, and the vector interaction has larger effect on the phase diagram with the increase of the chemical potential. Fig. 3 , where al temperature T c is plotted as a function of and
. Here, the solid line is for the critical t (CEP). We notice that ð T c ; c Þfor the CEP does ge so much at high magnetic fields, which is from the result in [21] where 5 ¼ 0 and the CEP moves towards the temperature axis with increasing magnetic field.
IV. CONCLUSION AND DISCUSSION
In this work we have studied the inverse magnetic catalysis around the critical temperature, which was revealed by a numerical simulation recently [25] . We have brought a mechanism to explain the above phenomena by sphalerons. At the quantum level, the nonconserved axial current is created by the transitions of sphalerons between distinct classical vacua at high temperatures. We also have claimed that the chiral imbalance is raised by a strong magnetic field, which destroys the chiral pairings between different species and hence naturally lowers the critical temperature of the chiral phase transition for increasing magnetic field. The CEP under a strong magnetic field is also explored in this work, and it is found that ð T c ; c Þfor the CEP does not change much at strong magnetic fields.
Last but not least, we emphasize that the mechanism proposed in this work is only happening in a scenario where the P and CP symmetry are violated locally, which is supported by the lattice result in [23] . We have found that the local discrete symmetry (P and CP ) violation plays an important role in the phase transition of a continuous symmetry (chiral symmetry), which is a novel phenomena in QCD phase transitions. The result in this work is therefore able to be extended to electroweak phase transitions and cosmology. We show the 3D phase diagram in the T −µ−ω plane in Fig. 5 with the coupling constant in the vector channel G V =-0.5 G S . Because the properties we have observed that the angular velocity only shifts down the critical temperature of CEP in the T − µ plane, and the chemical potential only shifts down the critical temperature of CEP in the T − ω plane, we can explicitly see that most part on the phase diagram is crossover, and the first order chiral phase transition only exists in two corners on the surface, i.e. in the corner of small ω and large µ and the corner of small µ and large ω, as shown by blue regions on the graph. There are two obvious boundaries at around ω ≈ 0.66GeV and µ ≈ 0.24GeV.
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By comparing with the 3D phase structure for chiral phase transition in (T, µ, eB) frame as shown in Fig. 6 taken from [25] , we can see that the angular momentum plays a quite different role as the magnetic field. From previous studies we know the phase diagram in a external magnetic field which is influenced by two main mechanisms: the magnetic catalysis which enhances the chiral symmetry breaking in the vacuum and the inverse magnetic catalysis which helps chiral symmetry restoration around the critical temperature. The solid line in Fig. 6 is for the critical end point (CEP). taken into account the inverse magnetic catalysis effect, the location of CEP (T E , µ E ) does not change so much at high magnetic fields, which is different from the result in [26] with only magnetic catalysis and the location of the CEP moves towards the temperature-axis with increasing magnetic field. In the case of angular momentum, it only helps the chiral symmetry restoration. In fact in Eq. (8), the main contribution of the thermodynamic potential is given by n = 0 term. It is observed that approximately the angular velocity only gives an addition contribution to the dynamical chemical potentialμ, which means that the angular velocity and chemical potential are approximately equivalent.
D. The baryon number susceptibilities
In this part, we investigate the effect of the angular velocity on the kurtosis of the baryon number fluctuation κσ 2 , which is defined as
where the pressure P = −Ω is just the minus of the the grand potential.
In Fig. 7 we show the 3D plot for the kurtosis of baryon number fluctuation κσ 2 as a function of the temperature and baryon chemical potential with different angular velocities in the NJL model in the case of G V = 0. We can clearly see that the angular velocity shifts the location of the CEP to the right part of the phase diagram in the (T, µ) plane, and with the further increase of the angular velocity, the CEP disappears. In order to show how the angular velocity affects the baryon number fluctuation, we show in Fig. 8 the value of κσ 2 as a function of normalized temperature T /T 0 in different angular velocity at zero chemical potential, with T 0 the critical temperature for chiral phase transition at µ = 0. As we have discussed in Ref. [27] that in the case of comparing with lattice result Ref. [28] , quark dynamics only contributes around 80% to the κσ 2 and the main contribution comes from the gluodynamics, therefore the value of κσ 2 is only 0.15 at chiral phase transition T /T 0 = 1 in the NJL model. We can see explicitly that the angular velocity decreases the kurtosis of the baryon number fluctuation κσ 2 .
IV. CONCLUSION AND OUTLOOK
In this work, we investigate the effect of the angular velocity on the chiral phase transition of quark matter in the two-flavor NJL model with vector interaction. It is found that the angular momentum plays similar role as the baryon chemical potential, which suppresses the chiral condensate and helps the chiral phase transition. Therefore, the chiral phase transition shows a critical end point not only in the temperature-chemical potential T − µ plane, but also in the temperature-angular momentum T − ω plane. One interesting observation is that in the T − µ plane, the presence of the angular momentum only shifts down the critical temperature T E of the CEP and does not shift the critical chemical potential µ E , and in the T − ω plane, the increase of the chemical potential only shift down the critical temperature T E and does not change the critical angular momentum ω E . From the 3D phase structure in the (T, µ, ω) frame, we can explicitly see that most part on the phase diagram is crossover, and the first order chiral phase transition only exists in two corners on the surface, i.e. in the corner of small ω and large µ and the corner of small µ and large ω. By comparing with the 3D phase structure for chiral phase transition in (T, µ, eB) frame, we can see that the angular momentum plays a quite different role comparing with the magnetic field, because the magnetic field enhances the chiral symmetry breaking in the vacuum which is called the magnetic catalysis effect, and helps chiral symmetry restoration around the critical temperature which is called the inverse magnetic catalysis effect.
The effect of the vector interaction is also investigated, and it is found that the phase structure in T − µ plane is sensitive to the coupling strength in the vector channel, while the phase structure in T − ω plane is not sensitive to the vector interaction. The baryon number fluctuations is also investigated and it is found that the angular velocity suppresses the kurtosis of the baryon number fluctuation. In fact, we could see that the critical angular velocity in the T − ω plane is very high (∼ 0.7GeV) comparing with the angular velocity which could be created in the heavy ion collision (∼ 0.1GeV). So it is hard to find the critical end point in the T − Ω plane through heavy ion collision experiments, but the influence of the angular velocity on the phase boundary in the T − µ plane is still obvious, especially in the high baryon density region. This also affects the kurtosis of the baryon number fluctuation in the heavy ion collision.
The NJL model only captures quark dynamics, therefore in this work we only consider the properties of quark matter under rotation. In the future, it is worth to study the properties of gluonic matter under fast rotation. 
